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The Grand Forks Energy Research Center (GFERC) of t h e  Ehergy Research and 
Development Administration has reactivated a fixed-bed slagging coal gas i f i ca t ion  
p i l o t  plant which was formerly operated by the  Bureau of Mines. Design of t h e  
gas i f i e r ,  t h e  Bureau of Mines t e s t  r e s u l t s ,  and preliminary r e s u l t s  from t h e  ERDA 
program have been documented (1-4). 

A de ta i led  study of t he  slagging operation is one aspect of t h e  current GFERC 
The objective of t h i s  study i s  t o  develop accurate knowledge p i lo t  plant program. 

of t he  flow and heat t r ans fe r  behavior of t he  s l ag ,  both t o  improve operation of 
t h e  GFERC plant and t o  suggest design approaches f o r  fu ture  generation g a s i f i e r s .  
One of t he  important parameters i n  t h i s  work is t h e  s lag  v iscos i ty .  

The experimental determination of s lag  v iscos i ty  as a function of temperature 
i s  a d i f f i c u l t  procedure. Consequently, many e f f o r t s  have been made t o  develop an 
approach t o  ca lcu la te  t h i s  re la t ionship .  The equations generally proposed incor- 
porate one o r  more terms which a re  calculated from the  s lag  composition. 

The equation 

has been suggested i n  several  publications (5-7) f o r  ca lcu la t ing  v iscos i ty  as  a 
function of temperature. In t h i s  equation, T i s  expressed in  degrees Centigrade, 
and 2, i n  poises. M and C a r e  terms calculated from the  s lag  composition, being 
functions of S O 2 ,  A1203, Fe20-3, and CaO content. 
proposed f o r  calculating C and M .  These equations d i f f e r  s l i gh t ly  i n  the  values 
of the  coef f ic ien ts  of t h e  composition t e r m s .  The work done by Watt and Fereday 
( 6 )  i s  based on Br i t i sh  coa ls ,  while t ha t  reported by t h e  I n s t i t u t e  of Gas Tech- 
nology ( 7 )  i s  based on synthetic melts. 

Various equations have been 

Attempts were made t o  use equation [l] fo r  t h e  calculation of v i scos i t i e s  of 
some l i g n i t e  ash s lags  for  which experimental v i scos i ty  da ta  w a s  available a t  
GFERC. 
Bomkamp ( 7 )  were used. 
temperature range over which v iscos i ty  da ta  was ava i lab le  a t  GFERC (8) .  
t h e  r e s u l t s  a re  given in  Table 1. 

Both the  Watt-Fereday method ( 5 , 6 )  and t h e  modified equations suggested by 
A test temperature was selected from t h e  center of t he  

Some of 
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TABLE 1. Calculated Values of Lignite Slag Viscosities.A/ 

Lignite Slag Temperature Method lE' Method 2c/ Expt '1 Value 

Baukol-Noonan 1175' 197 11,600 42 
Indianhead 1260' 21 2,276 60 
Velva 1385O <1 1 350 

- A/ Sources and compositions of the coal ash slags are given in 
the appendix. 

- B/ Watt-Fereday Method. - C/ Modified Watt-Fereday Method. 

Since the results shown in Table 1 are clearly unsatisfactory, the devel- 
opment of additional modifications to equation [l] was undertaken. 
GFERC gasification program will test a variety of Western lignite and subbitu- 
minous coals, it was desired to develop an equation applicable to the widest 
possible range of slag compositions. 
for slags having the range of compositions shown below. 

Since the 

Viscosity-temperature data were available 

TABLE 2. Range of Slag Compositions Used in GFERC Study 

Component Range, Pet Component Range, Pct 

15-49 
9-27 
7-23 
3-43 

MgO 1-10 
Na20 .3-12 
K20 .l-4 

Equation [l] was rewritten as 

Y = M x + C  

where X = 107/(T-150)2 and Y = logloq. 
compute values of M and C for each slag, using a standard linear regression 
computer program. The results are given in Table 3. 

The experimental data were then used to 

TABLE 3. Values of C and M Computed by Linear Regression 

Slag/ 

Baukol-Noonan 
Bentinck 
Cronton-lgU 
~ronton-2721 
Dickinson 
Disco 
Di sco-Fld-/ 
Indianhead 
Thoresby 
Velva 

C 

-1.2180 
- .a604 
-1.2194 
- .9997 
-4.1015 
- .5266 
- .a429 
-4.0781 
- .7840 
-7.2934 

M 

.3069 

.5851 

.5288 

.5849 

.5945 

.4240 

.2948 

.7264 

.4892 
1.4996 

- A/ Source and composition data is given in the appendix. 
- B/ 19 pet ash coal. C/ 27 pet ash coal. 
- D/ 3 lb. blast furnace slag added per lb. of ash. 
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The computed values of C and M were used as input data f o r  a multiple l i nea r  
regression analysis f o r  t he  development of equations r e l a t i n g  C and M t o  s lag  
composition. Repeated computer t r i a l s  f a i l ed  t o  produce a sa t i s f ac to ry  fit of 
the  data.  A s  a r e s u l t ,  a t t en t ion  w a s  then focused on performing regression 
analyses for  s lags  only of a s ingle  petrographic c lass .  
c l a s s i f i ca t ions  and terminology r e f e r  t o  igneous rock petrography, r a the r  than t o  
coal petrography.) 

( In  t h i s  paper petrographic 

The t e s t  slags were divided in to  two groups on the  bas i s  of s imi l a r i t y  of 
composition: Baukol-Noonan, Disco-Flux, and Indianhead i n  t h e  f i r s t  group; and 
Bentinck, Cronton-19, Cronton-27, Disco, and Thoresby in  t h e  second. Detailed 
petrographic analyses were done for  Indianhead and Thoresby s lags ,  t h e  compositions 
of which a re  given i n  t h e  appendix. 
t h e  C.I.P.W. method ( 9 ) ,  following the  procedure outlined by Johannsen (10). 
This procedure i s  a taxonomic method for comparing chemical analyses from a 
petrological aspect.  The ana ly t i ca l  data i s  recalculated i n  terms of a s e t  of 
standard mineral molecules. 
and Thoresby t o  be feldspar normative. 

The petrographic c l a s s i f i ca t ion  was  done by 

Indianhead s lag  was found t o  be pyroxene normative 

Correlation coef f ic ien ts  were calculated between each of t he  major s lag  
components and the  values of C and M, f o r  both c lasses  of s lag .  The ca lcu la t ions  
were done using a standard l i nea r  cor re la t ion  computer program. This work was 
done so tha t  t h e  r e s u l t s  would serve as  a guide t o  which s lag  components might 
bes t  be  used i n  a multiple regression ana lys i s  fo r  developing equations t o  CalCU- 
l a t e  C and M. 
Table 4. 

The computed values o f t h e  cor re la t ion  coef f ic ien ts  are given i n  

TABLE 4. Linear Correlation Coefficients Between Slag Composition 
and Computed Values of C and M. 

moxene-normative Slags Feldspar-normative Slags 
Component C M C M - 

Si02 -. 369 .444 
M2O3 .554 -.485 
Fe203 - e  996 .999 

MgO .209 - .129 

K20 -.589 .521 

C a O  .360 -.283 

Na2O -.140 * 059 

.681 .094 
-.573 .570 

.168 .255 

.030 .140 
-.76O .940 

-.019 -.512 

-. 495 .200 

Multiple l inear  regression ana lys i s  of t h e  feldspar normative group developed 
t h e  following equations: 

c = -4.5413 - .2158 (K20) + .0883 (Si021 + .0091 (Al2O3) [31 

M = 0.3676 + .0783 (K20) - .0043 (M203) [41 

In these  equations t h e  concentration terms use the  ac tua l  weight percent values 
determined from t h e  chemical analysis.  . 

The viscosity-temperature re la t ionship  fo r  Cronton-19 s lag  was ca lcu la ted  by 
The appropriate ana ly t i ca l  subs t i tu t ing  equations [31 and [ 41  i n to  equation [l]. 

data fo r  t h i s  s lag  a r e  3.5 pct K20, 43.6 pct Si02, and 24.6 pct A12O3. 
shows t h e  experimental (11) and calculated v iscos i ty  curves. 

Figure 1 

145 



Although only l imi t ed  da ta  a re  available f o r  t h e  pyroxene normative slags,  a 
regression ana lys i s  was done t o  f i t  C and M values t o  Fez0 
t h e  high cor re la t ion  between these parameters. 

content because of 
Equations 751 and [6]  resulted.  

C = 0.8143 (Fe2O3) - 4.8749 [ 5 1  

M = 0.1135 (Fe2O3) - .5219 t61 

The viscosity-temperature curve f o r  Indianhead s lag  (Fe2O3 = 11.0 p c t )  calculated 
from equations [ 5 ] ,  [6 ] ,  and [ l ] ,  i s  given i n  Figure 2. 

These results demonstrate t h a t  t h i s  approach produces improved r e s u l t s  for  
t h e  specific s lags  s tud ied  thus f a r .  It is  suggested t h a t  c l a s s i f i ca t ion  of 
s l ags  by a petrographic procedure may be more usefu l  than other methods f o r  the  
production of v i scos i ty  e f f ec t s .  

1. 

2. 

3. 

4 .  

5. 

6. 

7. 

8. 

9. 

10. 

11. 
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SIZE-DEPENDENCE OF THE PHYSICAL AND CHEI4ICAL PROPERTIES OF COAL FLY ASH* 

G .  L. F i s h e r , l  B. A. P r e n t i c e , l  D. S i lberman, l  J. M. Ondov,' 
R. C.  Ragaini,' A. H. Bierman,' A. R. M ~ F a r l a n d , ~  and J. B. Pawley.' 

lRadiobiology Laboratory,  Un ive r s i ty  of Ca l i fo rn ia ,  Davis, CA 
'Lawrence Livermore Laboratory,  Livermore, CA 
3Civi l  Engineering Department, Texas A & M Univers i ty ,  Col lege  S t a t i o n ,  TX 
'Donner Laboratory,  Un ive r s i ty  o f  Ca l i fo rn ia ,  Berkeley, CA 

In o r d e r  t o  a i d  i n  t h e  assessment o f  t h e  p o t e n t i a l  biomedical and environmental  conse- 
quences of coa l  combustion f o r  e l e c t r i c  power genera t ion ,  w e  have performed d e t a i l e d  
c o l l a b o r a t i v e  s t u d i e s  o f  t h e  phys ica l  and chemical p r o p e r t i e s  of s i z e - f r a c t i o n a t e d  
coa l  f l y  ash.  In t h i s  r e p o r t ,  we demonstrate t h a t  many o f  t h e  phys ica l  and chemical 
p r o p e r t i e s  o f  aerodynamically s i z e - c l a s s i f i e d  f l y  ash depend on t h e  r e l a t i v e  s i z e  d i s -  
t r i b u t i o n s  o f  each f r a c t i o n .  

Aerodynamically s i z e - c l a s s i f i e d  f l y  ash was c o l l e c t e d  downstream from t h e  e l e c t r o s t a t i c  
p r e c i p i t a t o r  (ESP) i n  t h e  s t a c k  breeching  of a l a r g e  southwestern U. S. power p l a n t  
burning low s u l f u r  (0.5%), high  a s h  (23%) coal .  The s p e c i a l l y  designed c o l l e c t i o n  
system (1) which c o n s i s t s  o f  two cyclones and a c e n t r i p e t e r  s e p a r a t o r  is capable  of 
s i z e - c l a s s i f y i n g  in situ kilogram q u a n t i t i e s  o f  s t a c k  f l y  ash.  
t o  c o l l e c t  f l y  ash from s t a c k  gas ,  t he  appa ra tus  y i e lded  a t o t a l  o f  8.08 kg o f  f l y  a sh  
i n  f r a c t i o n s  wi th  volume median d iameters  (VMD) of 20 pm ( f r a c t i o n  l ) ,  6.3 pm ( f r a c t i o n  
2 ) ,  3.2 pm ( f r a c t i o n  3 )  and 2.2 pm ( f r ac t ion  4) a l l  with geometric s tandard  d e v i a t i o n s  
of approximately 1.8. The s i z e  d i s t r i b u t i o n  d a t a  determined by o p t i c a l  s i z i n g ,  c e n t r i -  
fuga l  sed imenta t ion  and Cou l t e r  ana lyses  a r e  p re sen ted  i n  Table 1. 

Phys ica l  S tud ie s  

Based on l i g h t  microscopic s tudy  o f  t h e  four  f l y  a s h  f r a c t i o n s ,  w e  have developed a 
p a r t i c l e  morphogenesis scheme (Fig. 1). The phys ica l  c h a r a c t e r i s t i c s  of opac i ty ,  
shape and type  o f  i n c l u s i o n  u t i l i z e d  i n  t h e  morphogenesis scheme appear t o  be  r e l a t e d  
t o  degree  and e x t e n t  o f  exposure o f  t h e  f l y  a s h  t o  combustion zone tempera tures .  

Eleven p a r t i c l e  t ypes  and t h e i r  p robable  mat r ix  composition a r e  c l a s s i f i e d  (Fig.  1): 
1 )  amorphous, non-opaque, 2) amorphous, opaque, 3) amorphous, mixed opaque and non- 
opaque, 4) rounded, v e s i c u l a r ,  non-opaque, 5) rounded, v e s i c u l a r ,  mixed opaque and non- 
opaque, 6) angular ,  lacy,  opaque, 7) non-opaque, cenosphere (hollow sphe re ) ,  8)  non- 
opaque, p l e rosphe re  (sphere packed wi th  o t h e r  sphe res ) ,  9) non-opaque, s o l i d  sphe re ,  
10) opaque sphere and 11) non-opaque spheres  wi th  e i t h e r  su r face  o r  i n t e r n a l  c r y s t a l s .  
We have quan t i f i ed  t h e  r e l a t i v e  abundances o f  each o f  t h e  11 morphologic p a r t i c l e  t ypes  
i n  t h e  f o u r  f r a c t i o n s  (Table 2 ) .  The r e l a t i v e  abundance of a l l  p a r t i c l e  t ypes  excep t  
non-opaque, s o l i d  spheres  appears  t o  i n c r e a s e  wi th  t h e  inc reas ing  p a r t i c l e  s i z e  o f  t h e  
f l y  a sh  f r a c t i o n s .  The r e l a t i v e  abundance o f  non-opaque, s o l i d  spheres  i s  i n v e r s e l y  
dependent on p a r t i c l e  s i z e .  
t h e  morphologic p a r t i c l e  t ypes  i n  t h e  f o u r  f l y  ash f r a c t i o n s  i n d i c a t e d  h igh ly  s i g n i f i -  
c a n t  (p < 0.001) d i f f e r e n c e s  f o r  a l l  s i x  p o s s i b l e  comparisons. 

The apparent  d e n s i t i e s  of t h e  fou r  f r a c t i o n s  (Table 2)  can be  n e g a t i v e l y  c o r r e l a t e d  
( r  = -0.978; p < 0.05) with  t h e  VMD's. Furthermore,  l i n e a r  r e g r e s s i o n  ana lyses  o f  
t h e  f r a c t i o n a l  d i s t r i b u t i o n  d a t a  wi th  t h e  d e n s i t i e s  o f  t h e  ind iv idua l  s i z e  f r a c t i o n s  
i n d i c a t e  s i g n i f i c a n t  (p < 0.05) p o s i t i v e  c o r r e l a t i o n s  f o r  t h e  fo l lowing  p a r t i c l e  t y p e s :  
1 )  amorphous, non-opaque, 4 )  rounded, v e s i c u l a r ,  non-opaque, 7 )  non-opaque cenospheres  
and 10) opaque sphere.  
non-opaque spheres  (p < 0.01).  

*This work was supported by the US Energy Research and Development Adminis t ra t ion .  

95616 
94550 

77843 
94720 

When used f o r  12  days  

Chi-square ana lyses  o f  t h e  r e l a t i v e  d i s t r i b u t i o n  d a t a  of 

S i g n i f i c a n t  nega t ive  c o r r e l a t i o n  was found only  f o r  s o l i d ,  
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Chemical S t u d i e s ,  

The f l y  ash f r a c t i o n s  were analyzed f o r  3 5  elements by in s t rumen ta l  neut ron  a c t i v a t i o n  
a n a l y s i s  (INAA) a t  t h e  Lawrence Livermore Laboratory and f o r  18 elements by atomic 
abso rp t ion  spec t roscopy (AAS) a t  t h e  Radiobiology Laboratory.  
n iques  have been p rev ious ly  desc r ibed  ( 2 ) .  
were undertaken bo th  l a b o r a t o r i e s  performed ana lyses  of t h e  Nat iona l  Bureau of Stand- 
a r d s  (NBS) Standard Reference Mate r i a l ,  Trace Elements i n  Coal Fly Ash (SRM 1633). 
Agreement of a l l  a n a l y t i c a l  r e s u l t s  from both l a b o r a t o r i e s  wi th  p rev ious ly  publ i shed  
(3)  o r  NBS c e r t i f i e d  va lues  was e x c e l l e n t .  The i n t e r l a b o r a t o r y  comparison has been 
r epor t ed  by Ondov et a l .  

Summary t a b l e s  o f  t h e  a n a l y t i c a l  r e s u l t s  a r e  p re sen ted  f o r  t hose  elements d i sp l ay ing  
concen t r a t ions  independent  o f  p a r t i c l e  s i z e  (Table 3) and dependent on p a r t i c l e  s ize  
(Table 4 ) .  
s u l t s  of t h e  a n a l y t i c a l  t echn ique  wi th  t h e  smal le r  c o e f f i c i e n t  of v a r i a t i o n .  Data 
from atomic abso rp t ion  ana lyses  are the  average of two independent de te rmina t ions ;  t h e  
INAA d a t a  a r e  t h e  weighted averages  o f  t h r e e  independent de te rmina t ions .  
t i o n  dependence wi th  p a r t i c l e  s i z e  was determined q u a l i t a t i v e l y  wi th  t h e  c r i t e r i a  
t h a t  c o n s i s t e n t  concen t r a t ion  t r e n d s  beyond exper imenta l  u n c e r t a i n t y  were observed 
f o r  each  f r a c t i o n ,  a l though  s i g n i f i c a n t l y  h ighe r  concen t r a t ions  o f  t h e  element may 
have been observed i n  t h e  f i n e s t  f r a c t i o n  r e l a t i v e  t o  t h e  c o a r s e s t  f r a c t i o n .  

With t h e  except ion  o f  s i l i c o n ,  which appears  t o  dec rease  with dec reas ing  p a r t i c l e  
s i z e ,  t he  major element composition o f  t h e  f r a c t i o n a t e d  f l y  a sh  i s  r e l a t i v e l y  indepen- 
dent  o f  p a r t i c l e  s i z e .  Grea te r  than  92% of t he  mass of t h e  f r a c t i o n a t e d  f l y  a sh  can 
be accounted f o r  by o x i d e s  of S i ,  A l ,  F e  and Ca. An enhancement f a c t o r  was def ined  
as t h e  r a t i o  o f  t he  element concen t r a t ion  i n  c u t  4 ( f i n e s t )  t o  i t s  concen t r a t ion  i n  
c u t  1 ( c o a r s e s t ) .  The more v o l a t i l e  elements (or t h e i r  oxides) ,  Cd, Zn, Se, As, Sb, 
Mo, Ga, Pb and V d i s p l a y  c l e a r - c u t  i n c r e a s e s  i n  concen t r a t ion  wi th  decreas ing  pa r -  
t i c l e  s i z e ,  i n  agreement wi th  t h e  vapor-condensation mechanism of  Natusch and Wallace 
(4) .  I t  i s  impor tan t  t o  no te ,  however, t h a t  r e f r a c t o r y  elements a l s o  d i s p l a y  concen- 
t r a t i o n  t r ends  i n v e r s e l y  dependent on p a r t i c l e  s i z e .  Therefore ,  p rocesses  o t h e r  than 
vapor condensation are involved i n  t h e  concen t r a t ion - s i ze  r e l a t i o n s h i p .  The elements 
U and Cr a r e  a s s o c i a t e d  w i t h  t h e  o rgan ic  f r a c t i o n  o f  coal  (5) and may b e  r e l eased  i n  
t h e  combustion p r o c e s s  a s  f i n e  p a r t i c l e s  which may agglomerate wi th  o t h e r  p a r t i c l e s .  
The elements Fe ,  Mn, Ba, and S r  (5) may i n  p a r t  be p re sen t  as  carbonate  minera ls  
which decompose t o  form f i n e  p a r t i c l e s  du r ing  coa l  combustion and aga in  agglomerate 
wi th  o the r  p a r t i c l e s .  
t h e  a l u m i n o s i l i c a t e  i n  t h e  coal  (5 ) .  Thus, mineral  decomposition and e lementa l  d i s -  
t r i b u t i o n  may i n  p a r t  exp la in  t h e  e lementa l  t r ends  o f  t h e  h igh  b o i l i n g  chemical 
spec ie s .  

I n  summary, many p h y s i c a l  and chemical p r o p e r t i e s  o f  coal  f l y  a sh  a r e  dependent on 
p a r t i c l e  size.  
p l a ined  by t h e  h ighe r  r e l a t i v e  abundance of v e s i c u l a r  p a r t i c l e s  and lower r e l a t i v e  
abundance o f  s o l i d ,  non-opaque sphe res  i n  l a r g e r  s i z e  f r a c t i o n s .  The elements A i ,  
Fe, Ca, Na, K ,  T i ,  Mg, S r ,  Ce, La, Rb, Nd, Th, N i ,  Sc,  Hf, Co, Sm, Dy, Yb, C s ,  Ta, 
Eu and Tb do n o t  d i s p l a y  c l e a r - c u t  concen t r a t ion  t r e n d s  wi th  p a r t i c l e  s ize .  
was t h e  only  element ana lyzed  w i t h  c l e a r - c u t  d i r e c t  concen t r a t ion  dependence wi th  
p a r t i c l e  s i z e .  
Cd, Zn, Se, A s ,  Sb, W, Mo, Ga, Pb, V, U, C r ,  Ba, Cu, Be and Mn. Although a vapor- 
condensation mechanism may e x p l a i n  t h e  concen t r a t ion  t r e n d s  f o r  t h e  v o l a t i l e  elements,  
mineral  decomposition and e lementa l  d i s t r i b u t i o n  wi th in  t h e  coa l  are probably impor- 
t a n t  p rocesses  c o n t r i b u t i n g  t o  t h e  i n v e r s e  concen t r a t ion  dependence observed f o r  t he  
h ighe r  b o i l i n g  chemical spec ie s .  

The a n a l y t i c a l  tech-  
Before ana lyses  of t h e  f l y  ash f r a c t i o n s  

( 2 ) .  

For elements analyzed by b o t h  INAA and AAS, t h e  d a t a  r epor t ed  a r e  t h e  re- 

Concentra- 

Copper is probably  p re sen t  i n  p a r t  a s  t h e  s u l f i d e  and Be a s  

Apparent d e n s i t y  v a r i e s  i n v e r s e l y  wi th  p a r t i c l e  s i z e  and may b e  ex- 

S i l i c o n  

Inve r se  concen t r a t ion  dependence w i t h  p a r t i c l e  s i z e  was observed f o r  
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Table 1. S i z e  Parameters f o r  the  F ly  Ash Frac t ions  

1 2.73 2.20 18.5 2 .8  20.0 1.8 
2 2.58 1.86 6.0 2.0 6 . 3  1.8 
3 1.14 1.73 3.7 1.7 3.2 1.8 
4 0.92 1.52 2.4 1.8 2.2 1.9 

~ 

'Count median diameter  determined from scanning 

2Mass median d iameter  determined from Stokes d i f f e r e n -  

3V01wne median d iameter  determined by Coul te r  a n a l y s i s .  
'Geometric s tandard  devia t ion .  

e 1 e c t  ron  micrographs . 
t i a l  s e t t l i n g  i n  aqueous d i s p e r s i o n .  

Table 2 .  Re la t ive  Abundance (%) o f  Morphologic P a r t i c l e  Types i n  t h e  Four Fly Ash 
F r a c t i o n s  

P a r t i c l e  Type Frac t ion  
1 2 3 4 

1. 
2. 
3. 

4. 
5. 

6 .  
7. 
8. 
9 .  

10. 
11. 
12. 

Amorphous, non-opaque 
Amorphous, opaque 
Amorphous, mixed opaque and 

Rounded, ve s i c u l a r  , non -opaque 
Rounded, v e s i c u l a r ,  mixed opaque 

Angular, lacy,  opaque 
Non-opaque, cenosphere 
Non-opaque, p l e r o s p h e r e  
Non-opaque, s o l i d  sphere  
Opaque sphere  
Non-opaque s p h e r e  with c r y s t a l s  
Combined* p a r t i c l e  types  2 and 6 

non - opaque 

and non-opaque 

VMD ( w )  
Densi ty3 (g/cm3) 

7.25 
0.42 
0.77 

12.39 
2.27 

1.34 
41.11 
0.51 

25.58 
1.56 
6.80 -- 

20 
1.85 

2.13 0.79 0.33 
0.18 -- -- 
0.09 -- -- 
6.67 2.91 2.99 
0.24 -- 0.03 

0.57 0.27 0.33 
26.22 13.20 7.91 
0.21 -- -- 

56.01 79.16 86.99 
0.90 0.33 0.24 
6.79 3.18 0.95 
-- 0.15 0.24 

6 . 3  3.2 2.2 
2.19 2.36 2.45 

l A  t o t a l  of approximately 3000 p a r t i c l e s  f o r  each s i z e  f r a c t i o n  were c l a s s i f i e d  

'Combined due t o  i n a b i l i t y  t o  d i s t i n g u i s h  between these  c l a s s e s  f o r  t h e  f i n e r  

3Apparent d e n s i t y  determined by gravimet r ic  displacement  o f  1-propanol. 

f r o m  random f i e l d s  us ing  t h r e e  microscope s l i d e s  p e r  f r a c t i o n .  

p a r t i c l e s .  
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Table 3. Elemental Concentrat ions Independent' of P a r t i c l e  S i z e  

Element Technique Frac t ion  1 Frac t ion  2 Frac t ion  3 Frac t ion  4 
(VMD = 20 pm) (VMD = 6.3 pm) (VMD = 3.2 pm) (VMD = 2.2 urn) 

A 1  AAS2 

C a  AAS 
Na AAS 
K AAS 
T i  AAS 
Mg AAS 

Fe I N A A ~  

S r  INAA 
Ce I N A A  
La INAA 
Rb INAA 
Nd INAA 
Th INAA 
N i  AAS 
s c  I N A A  
H f  INAA 
co INAA 
Sm INAA 
DY INAA 
yb INAA 
cs I N A A  
Ta INAA 
Eu INAA 
Tb INAA 

Concentrat ion i n  % 

13.8(0.1) 14.4(0.1) 
2.5 (0.1) 2.9(0.2) 
2.12 (0.14) 2.23( (0.08) 
1.19 (0.13) 1.75 (0.05) 
0.74 (0.01) 0.80 (0.07) 
0.62(0.05) 0.76 (0.05) 
0.47(0.01) 0.56(0.01) 

Concentrat ion i n  pg/g 

410(60) 
113(4) 
62 (3) 
51 (3) 
45 (4) 

25 (3) 
25.8(0.6) 

12.6( 0.5) 
9.7 (0.4) 

8.2 (0.3) 
6.9 (0.3) 
3.4(0.4) 
3.2(0.1) 

8.9 (0.2) 

Z.l(O.1) 
1.0( 0.1) 
0.90 (0.05) 

540 (140) 
122 (5) 

68 (4) 
56 (4) 
47(4) 

3 7 U )  
28.3(0.6) 

15.3(0.6) 
10.3(  0.3) 
16.3( 0.8) 

g.l(O.4) 

4.1(0.4) 
3.7(0.2) 
2.3(0.2) 

1.06 (0.06) 

S.S(O.9) 

1.2 (0.2) 

14.2 (0.8) 
3.0(0.1) 
2.30 (0.14) 
1.83(0.06) 
O.SZ(0.08) 
0.77(0.11) 
0.60 (0.02) 

590 (140) 
123(6) 
67(11) 
57(3) 
49 (7) 
29 (1) 
43(4) 

19(1)  

15.8(0.6) 
10.5(0.3) 

9.2 (0.4) 
8.1 (0.3) 
4.0 (0.2) 
3.7(0.2) 
2.5 (0.3) 
1.2 (0.2) 
1.10 (0.07) 

14.1(0.3) 
3.2(0.1) 
2.38(0.09) 
1.85 (0.03) 
0 .81 (0.03) 
0.78(0.06) 
0.63(0.01) 

700 (2 10) 
120(5)  

69 (3) 
57(8)  
5 2 ( 6 )  
30(2) 
40(2)  
16.0 (0.2)  
10.3(0.5) 

9.7(0.4) 
8.5(0.8) 
4.2 (0.3) 
3.7(0.2) 
2.7(0.1) 
1.3(0.4) 
1.13 (0.06) 

21(1) 

'Concentration dependence wi th  p a r t i c l e  s i z e  was determined q u a l i t a t i v e l y  with t h e  
c r i t e r i a  t h a t  c o n s i s t e n t  concent ra t ion  t r e n d s  beyond experimental  u n c e r t a i n t y  were 
observed f o r  each f r a c t i o n .  

i n  parentheses .  

t a i n t i e s  ( i n  parentheses)  are t h e  l a r g e s t  o f  twice the  weighted s tandard  d e v i a t i o n ,  
t h e  range,  or an e s t i m a t e  of  t h e  accuracy. 

2AAS values  are t h e  averages of two independent de te rmina t ions ;  t h e  ranges a r e  given 

31NAA values  a r e  t h e  weighted averages o f  t h r e e  independent de te rmina t ions ;  uncer- 
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O P A C I T Y  

EXPOSURE 
O P A O U E  I sHnPE N O N - O P A O U E  

IRON OXIDE' 
SILICATE 

A M O R P H O U S  

I MINERALS] IRON OXIDES 

R O U N D E D .  

V E S I C U L A R  

A N G U L A R ,  

CARBONACEOUS 

I_ 

I N C R E A S I N G  

Fig. 1. Fly  ash  morphogenesis scheme i l l u s t r a t i n g  probable  r e l a t i o n s h i p  o f  o p a c i t y -  
and shape t o  p a r t i c l e  composition and exposure i n  t h e  combustion chamber. 



NOT FOR PUBLICATION 
For Presentat ion Before the Division of  Fuel Chemistry 

American Chemical Society 
Montreal, Quebec, Canada', May 1977 

THE BEHAVIOR OF THE NATURAL RADIONUCLIDES IN WESTERN COAL-FIRED POWER PLANTS 

David G. Coles, Richard C. Ragaini, and John M .  Ondov 

Division of Environmental Research, Lawrence Livermore 
Laboratory, University of Cal i forn ia ,  Livermore, CA 94550 

The projected dependence of the n a t i o n  on coal-produced e l e c t r i c a l  energy 
necessi ta tes  a thorough study of the associated environmental risks. One potential 
hazard worthy of f u r t h e r  inves t iga t ion  i s  the re lease  of natural radionuclides upon 
coal combustion. Radioactive e f f luents  from both foss i l - fue l  and nuclear power plants  
have been compared. 1'2 However, oversimplif icat ions and lack of good emission data 
f o r  radionuclides from the foss i l - fue l  plants  lead to  d i f fe r ing  conclusions. Hull3 
has compared the inorganic-eff lbent  re leases  of the  f o s s i l - f u e l  plants  t o  the radio- 
nuclide releases from nuclear  plants  in  terms of accepted environmental standards f o r  
each type of e f f l u e n t .  e t  a1 . 4  have c a l c u l a t e d - t h a t  anthropogenic sources 
contr ibute  6.5% of the  t o t a l  
fuel burning makes u p  14% of these anthropogenic sources o r  1% of the to ta l  210Po 
i n p u t .  One can determine a maximum concentration i n d i r e c t l y  from the 2 1 0 P b  content 
in the coal ,  s ince  210Pb i s  the  grandparent of 210Po i n  the  23QU-decay s e r i e s .  None 
of the foss i l - fue l -p lan t  s t u d i e s  have concentrated on the radionuclide-combustion 
chemistry, which i s  necessary t o  make val id  comparisons between foss i l - fue l  and nuclear 
plaritb. I t  i s  the  purpose t h i s  work t o  study the chemical f rac t iona t ion  of the natural 
radionuclides in coal d u r i n g  combustion. 

Moore 
2 v a t m o s p h e r i c  f lux  for the cont inental  U.S. Fossil- 

Experimental 

Coal, bottom-ash, and e l e c t r o s t a t i c  prec ip i ta tor  (ESP) f ly-ash samples were 
obtained from two western coa l - f i red  power plants .  Plant  A bu rns  low-sulfur (0 .52%),  
low-ash (1.2%) coal and Plant  B burns low-sulfur (0.46%), high-ash (23.2%) coal. We 
a l s o  obtained from Plant  B kilograni quant i t ies  o f  par t ic le -s ized  s tack f l y  ash. This 
s tack f l y  ash was co l lec ted  by a la rge  cyclone separator  mounted a t  the  o u t l e t  of one 
of the ESP u n i t s . 5  Two separate  s e t s  of the four  s ized  f r a c t i o n s  were obtained. For 
each f rac t ion  as determined by centr i fugal  sedimentation, the mass median diameters 
(mmd) were 17, 6 ,  3.8, and 2.5 urn, Geometric standard deviat ions of the f rac t ions  
were approximately 2.3, 2.1, 1 . 7 ,  and 1 .8  pm, respect ively.  

All samples were ground t o  200 mesh when necessary, homogenized, packaged, and 
then counted f o r  natural  gamma rad ia t ion  on an ul tra-low background, Compton-suppres- 
s ion ,  gamma-ray spectrometer. 

T h e  2 3 Q U  natural radioactive-decay-chain s e r i e s  was found t o  be i n  secular  
equilbrium i n  the coal samples b u t  n o t  in the ash samples. During the  combustion 
process a po ten t ia l  e x i s t s  f o r  decay-chain disequi l ibr ium t o  occur ,  s ince  many of the 
daughter radionuclides have  q u i t e  d i f f e r e n t  chemical and physical c h a r a c t e r i s t i c s .  
Secondary pos t - f rac t iona t ion  radionuclides a r e  those whose ha l f - l ives  a r e  long enough 
t o  produce gamma rays o r  ganima-ray-emitting daughters a f t e r  secular  equilibrium has 
been disrupted by the  combustion process. 
from a daughter f u r t h e r  along the  decay chain b u t  p r i o r  t o  the next long-lived species. 

The actual  measured gamma ray may or iginate  
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The ha l f - l ives  of these intermediary radionuclides a r e  short enough so t h a t  s e c u l a r  
equi l ibra t ion  can be assumed t o  have been reestabl ished f o r  t h a t  sec t ion  of  the  
decay chain. This provided 
the  longest-lived intermediary radionuclide 2 3 4 T h  (24.1 day) the opportuni ty  t o  come 
t o  within 1% of secular  equ.ilibration w i t h  i t s  parent 2 3 @ U .  

Discussion 

Enrichment fac tors  r e l a t i v e  t o  the input  coal were calculated f o r  the radio- 
nuclide contents observed. The enrichment f a c t o r  ( E F )  i s  defined a s  the r a t i o  of the  
concentration of a radionuclide ( X )  and 4 o K  in the sample, divided by the  correspond- 
ing ra t ion  i n  the i n p u t  coal .  

The packaged samples were allowed to  s i t  f o r  6 m o n t h s .  

Decay-chain or igin 

[ X I  ~ a r n p l e / [ ~ ~ K ]  sample 
EF = [ X I  coal/['+oK] coal 

232Th  23811 2 3 5 u  

This e f fec t ive ly  normalizes the apparent enrichment resu l t ing  from loss  o f  carbon 
during the combustion process. 
t ion  because i t s  concentration remains constant i n  a l l  samples; hence i t  was assumed 
t o  be a t r a c e r  f o r  the  alurnino-silicate-dominated ash matrix. 

Potassium-40 i s  used in  t h i s  normalization ca lcu la-  

Table 1 presents the EF value f o r  the d i f f e r e n t  samples from both p lan ts .  The  
ESP f l y  ash and bottom ash from both p lan ts  show no enrichment of the 232Th-decay-chain 
daughters. 
elements and should remain with the 4 0 K  in the ash matrix. 

Table 1. 

This i s  expected s ince  t h o r i u m  and radium a r e  e s s e n t i a l l y  re f rac tory  
Uranium behaves in  q u i t e  

Enrichment fac tor  r e l a t i v e  t o  i n p u t  coal and normalized t o  4 0 K a  

Source a f t e r  f r -c t ionat ion I ' 2281h 228Ra 2 1 o p b  2 2 6 ~ 8  23811 235U 

Plant  
ESP f l y  ash 
Bottom ash 
P l a n t  
ESP f l y  ash 
Bottom ash 

0.89 0.90 0.48 1.02 0.71 0.70 
0.96 0.97 0.24 0.99 0.70 0.64 

0.96 0.98 0.74 1.02 0.94 0.85 
0.91 0.89 0.29 0.90 0.76 0.73 

Scrubber ash 1.01 1.03 0.95 1.08 0.97 0.88 

ai10 - t o  20% propagated l a  e r r o r  from the  mean. 

Samples from Plant A; i n p u t  coal contains  11.3% H20, 9.2% ash,  and 0.52% s u l f u r .  

Samples from Plant B; input coal contains  6.8% H20, 23.2% ash,  and 0.46% s u l f u r .  

a d i f fe rqnt  manner. 
from Plant A (low-ash coa l )  and the bot tom ash from both Plants.. 
not nearly a s  depleted in  these uranium isotopes from Plant  B (high-ash c o a l ) .  

Lead-210 appears t o  be the most v o l a t i l e  radionuclide measured. 
depleted in the bottom ash froiii both p lan ts  and i s  l e s s  depleted i n  the  f l y  ash from 
P l a n t  B (high-ash c o a l ) .  
The wet scrubber i s  more e f f i c i e n t  t h a n  the ESP f o r  f ly-ash removal (99.2% vs 97.5) 
and, therefore ,  re ta ins  more ash by weight than the ESP u n i t  although i t  re leases  
higher numbers o f  subniicron p a r t i c l e s  m the  atmosphere.6 Since the  wet scrubber i S  
more e f f i c i e n t ,  i t s  E F  value might be expected t o  be near uni ty ,  and consequently any 
chemical enrichiiient in the subniicron par t icu la tes  would  be obscured. 

Both 2 3 5 U  and 2 3 @ U  show s i g n i f i c a n t  depletion in the f l y  ash 
The f l y  ash i s  

I t  i s  q u i t e  

All EF values f o r  the scrubber ash a re  c lose  t o  uni ty .  
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The *10Pb depletion i n  the  ESP bottom ash probably occurs as v o l a t i l i z a t i o n  
and l a t e r  condensation onto the fly-ash matrix. 
a surface-area phenomenon, the lead would be expected t o  be enriched on t h e  f i n e r  f l y -  
ash p a r t i c l e s .  In F i g .  1 ,  the s tack ( p o s t  ESP) s ized  f l y  ash shows a very strong 
increase in EF with decreasing p a r t i c l e  s i z e .  This e f f e c t  i s  cons is ten t  with the 
deplet ion of lead on the larger-s ized ESP f l y  ash. 
condensation mechanism more f u l l y .  

Since heterogeneous condensation i s  

Davison et.7 discuss  t h i s  

Assuming t h a t  secular  equi l ibra t ion  e x i s t s  between 210Pb  and 210Po i n  the  coal 
samples, the s p e c i f i c  a c t i v i t y  f o r  both nuclides wi l l  be ident ica l  and therefore  the 
to ta l  inventory of 210Po f o r  the  coal combustion system can be estimated. I t s  post- 
combustion behavior was n o t  studied i n  t h i s  work; but s ince  polonium i s  more v o l a t i l e  
than lead, i t  wi l l  probably condense onto the extremely small fly-ash p a r t i c l e s  a f t e r  
combustion. 
important radionuclide i s  i n  progress. 

A study o f  the  combustion chemistry and deposi t ion proper t ies  of t h i s  

Uranium's d e f i n i t e  assoc ia t ion  with small p a r t i c l e s  has been previously 
I t  i s  s l i g h t l y  depleted in  the bottom ash of both p lan ts .  Plant  B 

(high-ash c o a l )  has a f ly-ash EF c lose  t o  uni ty .  However, th is  p l a n t ' s  s ized  stack 
f l y  ash shows a very d e f i n i t e  E F  increase with decreasing p a r t i c l e  s i z e  (see Fig. 1 ) .  
We propose a bimodal mechanism t o  explain t h i s  behavior. The coal contains  u r a n i u m  
i n  two d i f f e r e n t  phases, which a f f e c t s  i t s  v o l a t i l i t y  upon combustion. 
observed tha t  uranium behaves i n  a manner intermediaEe between those elements remain- 
i n g  w i t h  the s lag  and those elements concentrating on the  f l y  ash. 

soluble  uranyl dicarbonate Na2[U0,(C03)2] o r  sodium uranyl t r icarbonate  Na,[U02(C03)3] 
complex. 
uraniuiil quickly becomes absorbed by the  coal with subsequent reduction to  uranini te  
U02. If s u f f i c i e n t  s i l i c a  i s  present  i n  so lu t ion ,  the mineral c o f f i n i t e  U(Si04)l-x 
(OH)4x can form instead of  uran in i te .  
from cracks and j o i n t s  i n t o  the coal matrix f o r  some dis tance and can, therefore ,  be 
expected t o  res ide  in  the coal i n  a very highly dispersed s t a t e .  
over thorium in these samples (Th/U = 2.0)  compared t o  the  average c rus ta l  r a t i o  
(Th/U = 4.0),11 thus ind ica t ing  the high mobil i ty  of uranium as  compared t o  thorium 
during ground and sur face  water t ranspor t .  

conditions of the  furnace as well as  its chemical and physical form in the input coal .  
Coal-fired power plants  operate  t h e i r  burners with about a 10% stoichiometr ic  excess 
of oxygen.12 This should r e s u l t  in an oxidizing combustion environment with a 
temperature range of 1500 t o  1600°C. Under these condi t ions,  the v o l a t i l e  species 
UO, could be expected t o  form.13'14 
become incorporated in to  a s i l i c a  melt during combustion i f  i t  were o r i g i n a l l y  
associated with a s i l i c a t e  ( ; . e . ,  c o f f i n i t e ) .  

The existence of uranium bimodally in the coal can therefore  give r i s e  t o  both 
a v o l a t i l e  and nonvolat i le  species  simultaneously, s ince  both uranin i te  and c o f f i n i t e  
can coexis t  i n  the  pulverized and semihomogenized coal .  The data in  Table 1 support 
t h i s  re la t ionship .  The Plant  B (high-ash c o a l )  f l y  ash shows less  uranium depletion 
t h a n  the Plant A (low-ash coa l )  f l y  dsh. 
probably associated with the alumino-si l icate  minerals and i s  consequently avai lable  
for  incorporation i n t o  t h e  s i l i c a - r i c h  f ly-ash matrix. 

(Instrumental Neutron Act ivat ion Analysis) data  f o r  cerium, a nonenriched element 

Klein et.9 

BregerIo suggests t h a t  uranium enters  the coal bed from ground water as the 

The s l i g h t l y  a c i d i c  environment of t h e  coal decomposes t h i s  complex and the 

Since t h e  uranium is  i n  so lu t ion ,  i t  can migrate 

Uranium i s  enriched 

The charac te r i s t ics  of uranium during the  combustion process depend upon the 

The p o s s i b i l i t y  a l s o  e x i s t s  f o r  uranium t o  

A higher percentage of the  u r a n i u m  i s  

Thorium-228 could b e  s l i g h t l y  enriched i n  the  s tack f l y  ash when compared t o  INAA 
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(see Fig. 1 ) .  
the very chemically r e s i s t a n t  mineral zircon ZrSiO,,ls which i s  a ubiquitous 
accessory mineral in  many common rocks. Zircon does not weather e a s i l y  and i s  
commonly found i n  sedimentary environments. I t  i s  conceivable t h a t  the thorium 
observed i n  the  coal system was deposited contemporaneously w i t h  the  coal along 
w i t h  the other  s i l i ca te -based  minerals. 
coal i s  burned. The  small r e s i s t a n t  mineral grains  could be car r ied  with the gases 
a f t e r  combustion and follow the course of the f l y  ash. The thorium behavior i n  the 
s ized  f l y  ash could be explained i f  thorium exis ted i n  the  coal a s  submicron p a r t i c l e s .  

The enrichment of 228Ra and 226Ra (see  Fig. 1 )  i s  d i f f i c u l t  t o  explain.  Klein 
et.9 observes t h a t  barium (and hence probably radium) and thorium become incorpo- 
ra ted i n t o  the f ly-ash matrix. However, barium i s  known t o  form a v o l a t i l e  species  
Ba(OH), i n  the presence of steam, and radium may a l s o  form a corresponding spec ies .  
Figure 1 shows 226Ra with a grea te r  EF t h a n  228Ra. 
with the uranini te  f r a c t i o n  of i t s  238U parent as described e a r l i e r .  This probably 
allows 226Ra to  form a more mobile species than the s i l i c a t e  bound 228Ra (from the  
232Th chain)  in a manner s imi la r  t o  the bimodally located uranium. 

t i o n ,  combustion, and emission system can be described by the following: 

Thorium (and t o  some extent  uranium) is  normally associated with 

These minerals make up  the ash a f t e r  t h e  

A portion of the  226Ra wi l l  res ide 

The behavior of the  natural  radioact ive decay s e r i e s  throughout the coal deposi- 

Associated with the accumulation of orgainic  matter i s  a s i g n i f i c a n t  f r a c t i o n  of 
c lay minerals, sand, and other  inorganic sedimentary mater ia l .  These mater ia l s  
contain the alumino-si l icate  minerals t h a t  wi l l  l a t e r  comprise the  coal f l y  ash 
and bottom ash. Herein i s  found the source of t h e  2 3 2 T h ,  s ° K ,  and a par t  of the 
s i l i c a t e  associated uranium. 

The organic accumulation environment ceases and  a deposi t ion environment preva i l s ,  
which b u r i e s  the  organic matter. 

Ground and surface waters penetrate  down through the overburden, invading the 
coal .  
amounts of soluble  s i l i c a .  

Coal metamorphism occurs. 

' 
These waters contain uranium a s  soluble  uranyl carbonate s a l t s  and varying 

Uranium i s  absorbed by the coal and reduced t o  uran in i te  o r  c o f f i n i t e ,  depending 
on the s i l i c a  content of the water. 

Coal i s  mined, pulverized, and fed i n t o  the furnace f o r  power production. Much of 
the alumino-silica minerals (mostly c lay)  form a melt and drop out as  s lag .  
of the thorium and radium isotopes follow. 
along with the gases and f l y  ash t o  the emission control system. 
uranium t h a t  i s  associated w i t h  the c lays ,  o r  t h a t  which was mineralized a s  cof- 
f i n i t e ,  a l s o  remain w i t h  the  bottom ash. The uranium t h a t  i s  dispersed i n  the  
coal a s  uranini te  becomes v o l a t i l e  as  the UO, species  and continues along w i t h  
the  gases, lead,  and the f l y  ash. 

Somewhere down the f l u e  l i n e ,  f i r s t  uranium and then lead preferen t ia l ly  condense 
o u t  on the f i n e r  f ly-ash p a r t i c l e s  because they have a h i g h  surface t o  mass r a t i o .  

The ESP c o l l e c t s  most of the  par t icu la te  mass. Those f i n e r  p a r t i c l e s  t h a t  bypass 
the ESP continue up  t h e  s tack with the  gases. 
r e l a t i v e  to  the coal ,  a n d  moderately enriched in  Z35U and 2 3 8 U .  
enrichment i s  observed f o r  226Ra (probably t h a t  associated with u r a n i n i t e ) ,  228Ra,  
and 220Th.  The thorium i s  probably associated w i t h  f i n e  zircon gra ins .  

Most 
Lead-210 remains v o l a t i l e  and continues 

Much of t h e  

They a r e  very enriched in 2 1 0 P b  
Some s l i g h t  
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The degree t o  w h i c h  each of t h e  many possible  mechanisms a f f e c t  the f i n a l  radio- 
nuclide concentrations cannot be ascer ta ined from these data .  The ac tua l  s i t ua t ion  
may be one nicclranism, o r  m3re probably a combination of mechanisms. The mineralogical 
o r  chemical form i n  w h i c h  the radionucl ides  o r  t r ace  elements e x i s t  i n  the coal does 
have an important e f f e c t  cn their subsequent combustion c h m i s t r y  and emission charac- 
t e r i  s t.i c s ,  
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